Motivation: RNA sequences of a gene can have single nucleotide variants (SNVs) due to single nucleotide polymorphisms (SNPs) in the genome, or RNA editing events within the RNA. By comparing RNA-seq data of a given cell type before and after a specific perturbation, we can detect and quantify SNVs in the RNA and discover SNVs with altered frequencies between distinct cellular states. Such differential variants in RNA (DVRs) may reflect allele-specific changes in gene expression or RNA processing, as well as changes in RNA editing in response to cellular perturbations or stimuli. Results: We have developed rMATS-DVR, a convenient and user-friendly software program to streamline the discovery of DVRs between two RNA-seq sample groups with replicates. rMATS-DVR combines a stringent GATK-based pipeline for calling SNVs including SNPs and RNA editing events in RNA-seq reads, with our rigorous rMATS statistical model for identifying differential isoform ratios using RNA-seq sequence count data with replicates. We applied rMATS-DVR to RNAseq data of the human chronic myeloid leukemia cell line K562 in response to shRNA knockdown of the RNA editing enzyme ADAR1. rMATS-DVR discovered 1372 significant DVRs between knockdown and control. These DVRs encompassed known SNPs and RNA editing sites as well as novel SNVs, with the majority of DVRs corresponding to known RNA editing sites repressed after ADAR1 knockdown. Availability and Implementation: rMATS-DVR is at https://github.com/Xinglab/rMATS-DVR.
Introduction
RNAs transcribed from a single gene may contain single nucleotide variants (SNVs) due to single nucleotide polymorphisms (SNPs) in the genome, or RNA editing events within the RNA. Using RNA sequencing (RNA-seq), we can discover SNVs in RNA by comparing RNAseq reads to the genome sequence. Since comparing the transcriptome profiles of a given cell type before and after a perturbation is a widely used RNA-seq study design, a valuable and increasingly popular type of RNA-seq data analysis is to quantify and contrast the levels of SNVs in RNA-seq reads among distinct cellular states. Numerous RNA-seq studies have globally identified RNA editing sites with altered editing levels in response to perturbation (Nishikura, 2016) . On the other hand, the altered allelic ratios of genomic variants (e.g. SNPs) between RNA-seq samples with the identical genetic background can reveal allele-specific changes in gene expression or RNA processing after perturbations.
Here we report rMATS-DVR, a new computational tool that combines comprehensive identification of SNVs and robust discovery of DVRs between two RNA-seq sample groups with replicates. rMATS-DVR implements a GATK (Genome Analysis Toolkit) (McKenna et al., 2010) based pipeline with stringent guidelines and filters to call SNVs including SNPs and RNA editing events in RNAseq reads (Lee et al., 2013; Piskol et al., 2013) . Then it uses our (Shen et al., 2014) to identify DVRs using RNA-seq read counts of SNVs in replicate RNA-seq data. Specifically, rMATS uses a generalized linear mixed model (GLMM) to simultaneously account for the RNA-seq estimation uncertainty in the mRNA isoform ratios as influenced by sequencing coverage in individual samples, and the variability in isoform ratios among replicates (Shen et al., 2014) . Although initially developed for identifying differential alternative splicing, the rMATS statistical model is generic and can be applied to RNA-seq count data on SNPs and RNA editing sites.
Materials and methods
rMATS-DVR is a single command line program with RNA-seq alignment files (.bam files) as the input. The major steps of rMATS-DVR are in Figure 1A . (Ramaswami and Li, 2014) and overlap with repeats (http://www.repeatmasker.org/).
Results
As ADAR1 (adenosine deaminase, RNA specific) encodes the major A-to-I RNA editing enzyme, shRNA knockdown of ADAR1 decreases RNA editing levels (Nishikura, 2016) . We applied rMATS-DVR to RNA-seq data of the K562 cell line with ADAR1 knockdown and control (see Supplementary Materials). We selected the K562 cell line because it has a high level of endogenous ADAR1 expression and RNA-seq data from ADAR1 knockdown and control cells are available from ENCODE. We discovered 49 507 SNVs from the RNA-seq data, among which 1372 were DVRs between knockdown and control (FDR 5%). These DVRs included 1052 known RNA editing sites, 135 known SNPs and 185 novel variants (Fig. 1B) . Not surprisingly, over 75% of the DVRs were known RNA editing sites, and all of these RNA editing sites had decreased RNA editing levels upon ADAR1 knockdown. The majority of the 185 DVRs corresponding to novel variants were 'A' in the reference genome and 'G' in the RNA, suggesting that they were likely novel A-to-I RNA editing sites. We also identified 135 DVRs corresponding to known SNPs. These may reflect allele-specific changes in RNA processing or steadystate mRNA level upon ADAR1 knockdown, due to editingindependent functions of ADAR1 on microRNA targeting, premRNA splicing and 3' end processing, or mRNA stability (Bahn et al., 2015; Wang et al., 2013) . For example, as shown in Figure 1C , knocking down of ADAR1 caused a significant shift (FDR ¼ 1.4 Â 10
À5
) in the allelic ratio of a known SNP rs143204328 in the RNA-seq reads, thus suggesting a candidate SNP that may differentially mediate the regulation by ADAR1 on the RNA in an allelespecific manner.
Conclusions
The rMATS-DVR software is designed for analyzing and comparing two groups of RNA-seq samples with the identical genetic background, e.g. a given cell type before and after a specific cellular perturbation or environmental stimulus. We anticipate that rMATS-DVR will become an effective and widely used tool for the detection and quantitative analysis of SNVs in diverse RNA-seq research projects. 
